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Abstract
Intermediate states play well established roles in the folding and misfolding reactions of individual
RNA and protein molecules. In contrast, the roles of transient structural intermediates in multi-
component ribonucleoprotein (RNP) assembly processes and their potential for misassembly are
largely unexplored. The mammalian signal recognition particle SRP19 protein is unstructured but
forms a compact core domain and two extended RNA-binding loops upon binding the SRP RNA.
The SRP54 protein subsequently binds to the fully assembled SRP19-RNA complex to form an
intimate three-fold interface with both SRP19 and the SRP RNA and without significantly altering
the structure of SRP19. We show, however, that the presence of SRP54 during SRP19-SRP RNA
assembly dramatically alters the folding energy landscape to create a non-native folding pathway
that leads to an aberrant SRP19-RNA conformation. The misassembled complex arises from the
surprising ability of SRP54 to bind rapidly to an SRP19-RNA assembly intermediate and to interfere
with subsequent folding of one of the SRP19 RNA-binding loops at the three-way protein-RNA
interface. An incorrect temporal order of assembly thus readily yields a non-native three-component
ribonucleoprotein particle. We propose there may exist a general requirement to regulate the order
of interaction in multi-component RNP assembly by spatial or temporal compartmentalization of
individual constituents in the cell.
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Introduction
Assembly of most ribonucleoprotein (RNP) complexes is accompanied by significant
conformational changes in both protein and RNA components.1,2 In some cases, these
conformational changes may occur in a progressive fashion such that early interactions in
assembly lead to further conformational rearrangements that uniformly facilitate later steps.
Several structurally linked steps in assembly of the 30S ribosomal subunit appear to proceed
in this manner.3–5 However, in view of the multiplicity of RNA-protein and protein-protein
interactions that can potentially occur during assembly of multi-component RNPs, the extent
to which incorrect or premature interactions among components might interfere with native
complex formation remains to be assessed. The idea that some RNA6,7 and protein8,9
molecules readily adopt stable, but misfolded, states is now well established. We have recently
identified a striking example of robust misassembly in the mammalian signal recognition
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particle.10 Our work extended the concept of kinetically trapped, non-native conformational
states to multi-component RNP complexes. In this report we analyze the kinetic mechanism
for this misassembly.
The signal recognition particle (SRP) recognizes nascent membrane or secretory proteins
emerging from translating ribosomes and directs ribosome-peptide-mRNA complexes to the
endoplasmic reticulum, where peptide synthesis continues and the proteins are dispatched to
their final intra– or extracellular destinations.11 The mammalian SRP consists of one RNA
molecule of ~300 nts (SRP RNA) and six protein cofactors, SRP9, SRP14, SRP19, SRP54,
SRP68 and SRP72, (Figure 1A). Structurally, the SRP is comprised of two distinct and
functionally separable subunits.12,13 About half of the RNA and four proteins (SRP19, SRP54,
SRP68 and SRP72) form the ‘large’ subunit. The other half of the RNA and SRP9 and SRP14
form the ‘Alu’ subunit. In both mammalian14–16 and yeast17,18 cells, SRP appears to
assemble via an ‘SRP54-late’ pathway in which all SRP proteins except SRP54 are imported
into the nucleolus where they bind the SRP RNA (green and gray proteins, Figure 1B). This
partially assembled complex is then exported to the cytoplasm where SRP54 binds in a distinct
step (in purple, Figure 1B) to form the fully functional SRP holocomplex.
Mammalian SRP19 is unstructured in its unbound state and assembles with the SRP RNA via
formation of multiple obligatory intermediate complexes.10,19 Assembly of the SRP19-RNA
complex is an example of mutually-induced fit because both SRP19 and the SRP RNA undergo
significant conformational rearrangements during assembly.10,19–22 A native ternary
complex forms in vitro when SRP54 binds to the stable and preformed SRP19-SRP RNA
complex (Figure 1C) and is the same as the complex visualized in crystallographic studies.
10,21 This ‘SRP54-late’ in vitro assembly pathway mimics the two-step, or
compartmentalized, in vivo assembly pathway.14–18
In contrast, if SRP19 and SRP54 are allowed simultaneous access to the SRP RNA in vitro,
these three components interact robustly to form a distinct, non-native, complex (Figure 1D).
10 In this complex, two RNA binding loops in SRP19 remain misfolded (black dashed lines,
Figure 1D). We term this assembly pathway the ‘SRP54-early’ pathway and the misfolded
ternary complex the ‘non-compartmentalized’ complex. Here we show that, beginning with
identical sets of protein and RNA components, the ‘non-compartmentalized’ structure arises
from the surprising ability of SRP54 to bind an SRP19-RNA assembly intermediate: the
resulting cleft-like interface that forms between SRP54 and the SRP RNA (Figure 1E) is
sufficiently narrow that it disfavors insertion of an RNA-binding loop from SRP19 that
normally occurs in the native complex.
Results
Strategy for monitoring assembly of SRP19 with the SRP RNA
Free SRP19 is a natively unstructured protein. Upon binding to the SRP RNA, SRP19 spans
three structural motifs, a small globular core domain and two RNA binding loops that extend
out from the core (Figure 2A).10,20,21,23 We monitored assembly-induced conformational
changes in each motif by attaching an environmentally sensitive fluorophore at four sites in
SRP19. Each of the four positions is solvent accessible in both SRP19-SRP RNA binary and
SRP19-SRP54-SRP RNA ternary complexes.10,20,21 Fluorophores were placed individually
in each of the two RNA binding loops (positions 31 and 72) and in the core domain (positions
93 and 106) (Figure 2A). Control experiments showed that RNA binding affinities for each
fluorophore-derivatized SRP19 were either identical or very similar to the unlabeled wild type
SRP19 protein (see Materials and Methods). Site-directed cleavage experiments also
demonstrated that derivatizing SRP19 at these positions with Fe(II)-EDTA groups retains the
native conformation of the complex.10
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Conformational changes specific to each position were monitored by either of two approaches.
We detected RNA-protein assembly using fluorescence resonance energy transfer (FRET).
Energy transfer occurred between a donor Alexa 488 fluorophore tethered to SRP19 and an
acceptor Alexa 555 fluorophore tethered to the large subunit of the SRP RNA (LS RNA) via
a hybridized DNA oligo (Alexa 555-LS RNA) (Figure 2B). Control experiments showed that
SRP19 binding to the Alexa 555-LS RNA is indistinguishable to that of the native LS RNA.
In the second approach, SRP19 assembly with the SRP RNA was monitored in single
fluorophore experiments using the environmentally sensitive fluorophores Alexa 488 or
BODIPY-FL tethered to one of the four SRP19 labeling sites. Assembly of SRP54 with the
SRP19-RNA complex could also be monitored as the effect that SRP54 binding has on the
environmentally sensitive SRP19-tethered fluorophores.
FRET based analysis of SRP assembly
Assembly of the SRP19-RNA binary and the SRP19-SRP54-RNA ternary complexes was
initially monitored as illustrated in Figure 3A. In this experiment, Alexa 488 functioned as
both the FRET donor and also as an environmentally sensitive fluorophore. Thus, RNA binding
and subsequent conformational changes in SRP19 were detected both as the initial change in
the resonance energy transfer efficiency to the RNA-tethered Alexa 555 acceptor fluorophore
and also as the local change in donor fluorophore environment (Figure 3A).
When SRP19, labeled at position 31, was added to the Alexa 555-LS RNA, we observed a
clear burst phase in which the donor emission intensity was partially quenched, followed by a
well-resolved slow phase during which the emission intensity decreased further (phases 1 and
2 in the green trace in Figure 3B). This change in fluorescence was specific to SRP19-RNA
interactions because the emission of a free reference fluorophore (Alexa 647) present in the
solution remained unchanged over the course of the experiment (gray trace in Figure 3B).
Similar overall behavior was observed when assembly was monitored using SRP19 labeled at
position 72. Fluorescent emission initially decreased in a rapid burst phase followed by a well-
resolved slow phase in which the fluorescence emission intensity increased (green trace, Figure
3C.). These data indicate that both RNA-binding loops in SRP19 assemble with the LS RNA
in at least two well-resolved steps.
Assembly of SRP54 with the preformed SRP19-RNA complex was monitored as the effect
that SRP54 binding has on emission of the fluorophore attached to SRP19 (Figure 3A).
Addition of SRP54 to a SRP19-RNA complex, labeled at either SRP19 position 31 or 72,
yielded a clear increase in fluorescence emission intensity due to the perturbation of the local
fluorophore environment upon SRP54 binding (purple traces in Figures 3B and C).
Burst phase of SRP19-RNA assembly corresponds to Encounter complex formation
To assign the binding event that corresponds to the rapid burst phase change in fluorescence
for SRP19, labeled at either position 31 or 72, we monitored assembly using an A149U mutant
RNA. Nucleotides A149 and A201 form a non-canonical base pair that links helices III and
IV in the SRP RNA (Figure 2C).20,21 SRP19 forms a labile Encounter complex with the
A149U mutant RNA but cannot assemble beyond this step to form the native SRP19-RNA
complex.19
SRP19 binding to the A149U mutant RNA proceeded via a rapid burst phase whose magnitude
was comparable to that observed for the native sequence RNA as monitored at either position
31 or 72 (Figures 4A,B). In contrast, neither of the fluorescently labeled SRP19 proteins
showed the second, slow, phase characteristic of assembly with the native sequence RNA
(compare open and solid symbols in Figures 4A,B). We infer that the burst phase corresponds
to rapid formation of an Encounter complex between SRP19 and the SRP RNA; whereas, the
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second, slower phase (visualized in Figures 3B,C) corresponds to slow conformational
rearrangements in the nascent SRP19-RNA complex that ultimately requires formation of the
native RNA tertiary interaction between nucleotides A149 and A201.
We then evaluated whether SRP54 interacts with the SRP19-RNA Encounter complex. A
stalled SRP19-RNA Encounter complex intermediate was first formed using the A149U mutant
RNA and SRP19 derivatized at position 72. As expected, we observed the burst phase
fluorescence change upon formation of the initial SRP19-RNA complex (open circles, Figure
4C). When SRP54 was added to this complex, no additional fluorescence change occurred
(solid symbols, Figure 4C). These results contrast strongly with the ability of SRP54 to induce
conformational changes in the native RNA-SRP19 complex (Figure 3C). We infer that SRP54
does not bind the Encounter complex intermediate.
SRP19 loop and core structures bind the SRP RNA via distinct mechanisms
SRP19 is comprised of distinct core and extended loop motifs (Figure 2A). We detected local
conformational changes specific to the two RNA binding loops (positions 31 and 72) and to
the SRP19 core domain (positions 93 and 106) using single fluorophore experiments (Figure
5A). RNA binding caused an increase in Alexa 488 fluorescence emission efficiency for SRP19
proteins labeled at positions 72, 93 and 106 and a decrease for the protein labeled at position
31 (Figure 5B).
Strikingly different time-resolved behavior was observed depending on where the fluorophore
was tethered to SRP19. When the fluorophore was linked to either of the RNA-binding loops
in SRP19, the observed change in fluorescence intensity was 10-fold faster than when attached
to the SRP19 core (compare open and solid symbols, Figure 5B).
We characterized local assembly at each SRP19 motif by following the rate of change in
fluorescence intensity as a function of RNA concentration. For all four Alexa 488-labeled
SRP19 proteins, rates increased with RNA concentration (Figure 6). SRP19 derivatized at
positions 31, 93 and 106 showed good linear behavior in rate versus RNA concentration plots:
the slopes of these lines yield the second-order rate constants for complex formation (squares,
Figures 6A,C,D).
In contrast, SRP19 derivatized with Alexa 488 at position 72 exhibited a distinctive behavior.
At RNA concentrations below 100 nM, the observed rate increased with increasing RNA
concentration, as expected for a single rate-limiting binding step (squares, Figure 6B).
However, at RNA concentrations above 100 nM, the apparent rate of complex formation
became independent of concentration and leveled off at 0.9 min−1 (solid line, Figure 6B).
These distinctive kinetic behaviors are independent of the nature of the reporter fluorophore.
The SRP19 variants labeled at positions 72 and 106 were also monitored using the BODIPY-
FL fluorophore, which is chemically and sterically dissimilar to Alexa 488. The distinctive
slow and fast time-resolved behaviors were identical as detected by either fluorophore
(compare circles and squares, Figures 6B,D).
These experiments thus illustrate two distinctive features for assembly of the SRP19-RNA
complex. First, second order rate constants vary by an order of magnitude and fall into two
classes. SRP19 derivatized at either of the two RNA binding loops (positions 31 and 72) have
similar second-order rate constants (2–8 × 106 M−1min−1). SRP19 variants derivatized in the
core (positions 93 and 106) also have similar rate constants (3–5 × 105 M−1min−1) that are an
order of magnitude slower than those observed at the RNA-binding loops. Second, the SRP19
variant derivatized at position 72, has a distinctive biphasic kinetic behavior such that a
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concentration-independent process with rate constant 0.9 min−1 limits assembly in the vicinity
of RNA binding loop 2.
These experiments support a complex three-step mechanism for assembly of SRP19 with the
SRP RNA. Free RNA and protein rapidly interact to form the Encounter complex. Encounter
complex formation is observed directly as the fast phase in FRET-based assembly experiments
(Figure 3). This step is followed by two kinetically separable concentration dependent
conformational changes to form a Stable intermediate complex. In these steps, the RNA binding
loops in SRP19 undergo RNA-induced conformational changes more rapidly than does the
core domain (Figure 5). Finally, regions near loop 2 participate in an additional concentration
independent structural rearrangement step that converts the Stable complex into the native
SRP19-RNA complex (Figure 6B).
Assembly of SRP54 with the preformed SRP19-RNA complex
Assembly of SRP54 with the preformed SRP19-LS RNA complex was monitored by the effect
that SRP54 binding had on the environmentally sensitive fluorophore attached to SRP19. These
experiments were similar to those described in Figure 3A, except that only SRP19 was
fluorescently labeled. For SRP19 variants derivatized at either position 31 or 72, fluorescence
emission intensity increased upon SRP54 binding (Figure 7A,B). SRP54 binds to the preformed
SRP19-RNA complex with a Kd = 12 nM10 and, as expected, the net amount of complex
formed increased as the SRP54 concentration was increased from 15 to 200 nM. Over a broad
range of SRP54 concentrations, second order rate constants were identical, at 1.1 × 107 M−1
min−1 (Figures 7C,D), independent of the site of derivatization in SRP19. SRP54 thus binds
in a single kinetically significant step.
Concentration dependence of non-compartmentalized ternary complex formation
As described above, if SRP19 and SRP54 assemble with the RNA simultaneously, these three
components interact to form the non-compartmentalized complex whose structure is
significantly different from the native complex (Figure 1D). We used single fluorophore
experiments to characterize the kinetic step that gates whether SRP54 assembles to form the
native or non-compartmentalized complex (Figure 8A,D).
We followed formation of the native complex by sequential addition of SRP19 and SRP54
(green and purple traces, Figures 8B,C). This is the SRP54-late pathway. As monitored using
the 31Cys-SRP19 protein, fluorescence emission intensity decreased as free SRP19 bound to
the RNA. The rate of binding increased as the protein concentration was increased from 50 to
200 nM (green traces in Figure 8B). Fluorescence intensity then increased upon subsequent
addition of SRP54. The rate of SRP54 binding also increased with protein concentration, as
expected (purple traces in Figure 8B). These data are consistent with the SRP19 and SRP54
binding experiments outlined in Figures 6A and 7A, respectively.
We then monitored assembly of the non-compartmentalized ternary complex by adding SRP54
prior to adding SRP19. This is the SRP54-early pathway (black traces in Figure 8B). These
experiments were performed under the identical component concentrations used to monitor
native complex formation. Thus, the experiments represented by the green and purple versus
black traces (Figures 8A,B) differed only the order in which SRP components interact but not
in the identity or amounts of SRP19, SRP54 or SRP RNA.
Strikingly, when assembly was monitored for component concentrations of 200 nM, complexes
formed via the SRP54-early pathway had significantly higher fluorescence than complexes
formed via the SRP54-late pathway (compare the endpoints for purple and black traces in
Figure 8B). This difference in fluorescence intensity directly reports formation of the non-
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compartmentalized complex via the SRP54-early pathway. A similar, but smaller, difference
in fluorescence was observed at 100 nM protein concentrations; whereas, the difference
disappeared when component concentrations were reduced to 50 nM (Figure 8B).
We performed comparable experiments with the 72-Cys SRP19 variant. As expected, the rate
of SRP19-RNA complex formation was concentration-independent (green traces, Figure 8C)
because the conformational rearrangement involving loop 2 binding plateaus at 0.9 min−1
(recall Figure 6B). The rate of SRP54 binding increased with increasing SRP54 concentration,
consistent with simple one-step assembly with the preformed SRP19-RNA complex (purple
traces, Figure 8C). Similar to assembly as monitored at position 31, the fluorescence of the
final 72Cys-complex was again strongly concentration dependent and the difference in
fluorescence intensity in the final complexes was larger at 200 nM components than at 100 or
50 nM concentrations (compare purple and black traces in Figure 8C).
In summary, as monitored at either of two locations within SRP19, there exists a kinetic
competition such that misassembly is specifically favored at higher component concentrations.
As outlined under the Discussion, this concentration-dependent behavior provides strong
evidence regarding the physical step that gates misassembly.
Discussion
Assembly of the SRP19-RNA complex via distinct folding stages for the loop and core
domains
Our physical model for the alternating interactions that lead to the native SRP19-RNA complex
is shown in the first four panels of Figure 9A. Both SRP19 and the SRP RNA are in non-native
conformations prior to forming a specific ribonucleoprotein complex. The SRP RNA forms a
relaxed but base paired state; whereas, free SRP19 exists in an unstructured coil conformation.
SRP19 and the RNA initially interact in a rapid, approximately diffusion limited, step to form
an Encounter complex. This step occurs with similar, very rapid, kinetics for both the native
sequence SRP RNA and a mutant (A149U) RNA that is incapable of maturing to the native
complex (Figures 4A,B). We infer that this Encounter complex largely reflects a fast forming
heterogeneous electrostatic interaction between the RNA and SRP19.
Further assembly from the Encounter complex involves a series of complex SRP19 folding
steps to form the Stable intermediate complex (Figure 9A). SRP19 loops 1 and 2 undergo,
RNA-induced, second order conformational changes with rate constants that are an order of
magnitude faster than folding of the SRP19 core domain (Figures 5B and 6). Folding of both
the core and loop motifs are concentration-dependent (below 100 nM) even though they follow
formation of the Encounter complex. This observation suggests that the Encounter complex
establishes a rapid pre-equilibrium with the free RNA and SRP19.
An additional SRP19 folding step is revealed by the concentration-independent folding
behavior of loop 2. Below 100 nM, folding at loop 2 shows the same simple concentration-
dependent behavior as loop 1 (Figures 6A,B); whereas, at higher concentrations, the rate of
the conformational change associated with loop 2 plateaus at 0.9 min−1. Thus, a first-order
conformational rearrangement in the still-immature RNA-protein complex limits overall
assembly at SRP19 loop 2 (Figure 9A). Completion of the first order rearrangement of loop 2
yields the Native SRP19-RNA complex.
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The three-fold protein-RNA interface involving SRP19 loop 2 gates native assembly of the
SRP ternary complex
SRP54 does not bind stably to the free SRP RNA.10,24,25 Therefore, SRP54-mediated
misassembly via the SRP54-early pathway must involve SRP54 binding to an intermediate
SRP19-RNA complex. The two candidate classes of intermediate complexes could be either
(i) after formation of the Encounter complex or (ii) after formation of the Stable intermediate
complex and prior to maturation of the loop 2-RNA interaction (illustrated by dashed arrows
in Figure 8D).
Two independent experiments support a model in which SRP54 binds after formation of the
Stable complex. First, direct binding experiments show that SRP54 does not modulate the
fluorescence of the complex formed between SRP19 and the A149U RNA, which is trapped
at the Encounter complex stage (Figure 4C). Second, formation of the non-compartmentalized
complex is strongly dependent on the total concentration of SRP protein and RNA components
(Figures 8B,C). This is exactly the concentration dependence expected if SRP54-mediated
misassembly occurs after Stable complex formation but not if SRP54 binds after Encounter
complex formation (summarized in Figure 8D). The governing kinetic competition involves
both concentration–independent (k2) and –dependent (k′3[ ]) steps such that the fraction of non-
compartmentalized complex formed (k′3[ ]/k2) increases at higher SRP54 concentrations, if
SRP54 binds after the Stable complex forms.
Folding of Loop 2, which occurs after formation of the Stable SRP19-RNA intermediate, has
exactly the correct slow concentration-independent behavior required to gate native versus
non-compartmentalized assembly. SRP19 loop 2 is packed in a cleft-like interface formed by
SRP54 and helix IV of the RNA (Figure 1E).21 Thus, loop 2 both exhibits an intrinsically slow
local folding behavior and also lies in a highly constrained three-fold interface in the native
particle. These observations support a model in which formation of the non-compartmentalized
complex involves rapid RNA binding by SRP54 to a nearly native SRP19-RNA interface but
in which folding of loop 2 is still incomplete (Figure 9A). Early binding by SRP54 then results
in a conformation in which loop 2 lies outside the correct three-fold interface and further
insertion of this loop into its native interaction cleft is kinetically unfavorable.
SRP54-RNA interaction alters the SRP19 folding energy landscape
SRP19 has an almost identical structure in both the SRP19-RNA20 binary and native SRP19-
SRP54-RNA21 ternary complexes. SRP54 thus has no role in the native folding of SRP19. In
contrast, SRP54-induced misfolding of SRP19 indicates that interactions between SRP54 and
the RNA alter the folding energy landscape for SRP19. In the absence of SRP54, SRP19 folds
to reach its global energy minimum in a landscape whose most important features include
formation of the Encounter and Native complexes and a single major intermediate, the Stable
complex (Figure 9B). SRP54 binding to the preformed SRP19-RNA complex does not
significantly alter the SRP19-RNA complex but further stabilizes it, creating a deeper well in
the landscape (Figure 9B).
The presence of SRP54 alters the folding landscape for SRP19 to create a second, deep, low
energy minimum corresponding to the non-compartmentalized complex (Figure 9C). Non-
compartmentalized complex formation is concentration dependent indicating that the
alternative pathway is kinetically driven and leads to a local rather than a new global minimum
relative to the native ternary complex.
Broad implications for multi-component RNP assembly reactions
A simple three-component RNP, derived from the mammalian signal recognition particle, has
the ability to form a stable alternative, non-native complex. The native and non-
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compartmentalized complexes differ only in the order by which the three components
assemble. The structural requirements for this order-of-interaction driven misassembly are very
modest. Alternative complex formation requires only that the three components communicate
structurally and that a portion of one binary interface be modulated by a third component. In
the SRP example, structural communication involves a direct three-fold interface, but indirect
interactions would suffice, as well.
Evidence that assembly of other RNPs requires spatial or temporal regulation is currently
circumstantial, but strongly suggestive. Like the SRP, several other cellular RNPs have multi-
site assembly phases involving transit through nucleolar and Cajal body compartments.26,27
Examples in which spatial control potentially facilitates RNP assembly include snRNPs,
spliceosomal RNPs and telomerase. A second strategy for regulated RNP assembly would be
to impart structural specificity through preferred temporal assembly phases. In the small
subunit of the bacterial ribosome,28 three proteins, S3, S10 and S14, and the 3′-domain of
16S RNA form an intimate four-fold interface that appears to physically require that proteins
S10 and S14 assemble with the RNA prior to protein S3. Consistent with this structural view,
S10 assembles with 16S RNA more rapidly than does S3.3,29 We speculate that slow RNA
binding by S3 specifically functions to reduce RNP misassembly at this protein-RNA interface.
Multi-fold interfaces that may require early or rapid binding by buried components also exist
in the large subunit of the ribosome28, including those formed by L14, L19 and 23S RNA and
by L23, L29 and 23S RNA, and in the archaeal H/ACA complex formed by L7ae, Cbf5, Nop10,
Gar1 and the H/ACA RNA.30
Given that multi-fold interfaces are common in RNP complexes, we propose that avoiding
formation of stable, but misassembled, complexes is of fundamental importance for the
structural biogenesis of many RNPs. Mechanisms for regulating assembly, including preferred
early and late assembly phases and cellular compartmentalization, may play critical regulatory
roles in preventing order-of-interaction driven misassembly for multi-component RNPs in the
cell.
Materials and Methods
Preparation of SRP RNA and SRP54
Native and A149U mutant RNAs spanning nts 101–255 of the human SRP RNA (LS RNA)
were transcribed in vitro from plasmid phR31 and purified by denaturing gel electrophoresis.
The 5′-truncated native and A149U mutant LS RNAs were transcribed from PCR-generated
templates. All RNAs were refolded by heating to 95 °C (1 min), snap cooling at 0 °C, incubating
at 60 °C (10 min) in RNA refolding buffer [300 mM potassium acetate (pH 7.6), 5 mM
MgCl2, 20 mM Hepes (pH 7.6), 0.01% (v/v) Triton], followed by slow cooling to room
temperature (~40 min). The Alexa 555-labeled LS RNA was generated by co-folding of the
appropriate 5′-truncated RNA and a fluorescently labeled DNA oligonucleotide (Trilink) (see
Figure 2B). SRP54 was expressed and purified as described.10
BODIPY-FL and Alexa 488 labeled SRP19 variants
Single cysteine (E31C, W72C, L93C or L106C) SRP19 variant proteins were expressed in E.
coli strain BL21-CodonPlus(DE3)-RIL (Stratagene) and purified as described,10 except that
the final dialysis buffer was pH 7.2 and contained 2 mM TCEP as the reducing agent. All four
sites involve residues whose amino acid identity is phylogentically variable32 and are solvent
accessible in both the SRP19-RNA binary20 and SRP19-SRP54-RNA ternary21 complexes.
SRP19-fluorophore conjugates were generated by treating each protein (~20 M) with a 50–
100 fold molar excess of a Alexa 488 or BODIPY-FL fluorophore maleimide derivative (22 °
C, 2 hr; Molecular probes). Unreacted fluorophore was removed by incubating the (His)6-
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tagged protein with an Ni2+-NTA slurry (Invitrogen) and washing extensively with protein
dilution buffer (PDB) [300 mM NaCl, 50 mM sodium phosphate (pH = 8.0), 10 mM 2-
mercaptoethanol]. Fluorophore-labeled proteins were eluted in PDB containing 200 mM
imidazole, subjected to dialysis to remove imidazole, and stored in PDB supplemented with
50% (v/v) glycerol at −20 °C. Derivatization extent was calculated from UV absorbance at 280
(protein) and 500 nm (fluorophore). For Alexa-labeled SRP19 variants, the extent of
derivatization was 95–100% and for the BODIPY-FL-labeled proteins was ~30%. Equilibrium
dissociation constants for SRP19-fluorophore derivatives were determined by filter
partitioning19 using internally labeled [32P]-LS RNA (0.01 nM) or the Alexa 555 fluorophore
RNA-DNA hybrid. Equilibrium dissociation constants for all fluorophore-containing
complexes were either identical or very similar to the native SRP19-LS RNA complex (native
SRP19, 5 nM; CysSRP19, 4 nM; Alexa 488-31CysSRP19, 11 nM; Alexa 488-72CysSRP19,
1 nM; Alexa 488-93CysSRP19, 3 nM; Alexa 488-106CysSRP19, 11 nM, BODIPY-
FL-72CysSRP19, 4 nM; BODIPY-FL-106CysSRP19, 19 nM).
Monitoring the SRP assembly pathway using FRET and single fluorophore experiments
Fluorescent measurements were performed in a Varian/Cary Eclipse Spectrofluorometer. Final
reaction mixtures (22 °C, 500 l) contained RNA refolding buffer supplemented with 1/5 vol
PDB. Calibration between different measurements, when required, was performed using an
inert Alexa 647 reference fluorophore. Formation of the Encounter complex between SRP19
and the SRP RNA was monitored via fluorescence resonance energy transfer (FRET) between
20 nM Alexa 488-labeled 31Cys or 72Cys SRP19 variants and 25 nM Alexa 555-labeled LS
RNA. Conformational changes in SRP19 upon RNA binding were monitored using single-
fluorophore experiments using 5 or 10 nM protein labeled with Alexa 488 or BODIPY-FL and
varying concentrations of LS RNA (as indicated in Figure 6). Fluorescence intensity change
over time was fit to a single exponential equation. Second order rate constants were calculated
from the slope of the line obtained by plotting observed rate versus RNA concentration. For
SRP54 binding to the preformed SRP19-RNA complex, assembly was monitored using 20 nM
Alexa 488-labeled SRP19-RNA complex and the change in fluorescence intensity as a function
of time was fit directly to a second order rate equation. Observed fluorescence = A[(exp
(kc1t)-(exp(kc2t))(c1c2)/(c1exp(kc1t)-c2(exp(kc2t)] + b, where k is the second-order rate
constant, c1 and c2 are the initial concentrations of SRP54 and the SRP19-RNA complex, A is
the amplitude of the fluorescence change, and b is the initial fluorescence of the pre-formed
SRP19-RNA complex. For experiments comparing native versus non-compartmentalized
assembly, protein concentrations are given in Figures 8B,C and the RNA concentration was
twice that of the proteins.
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The signal recognition particle (SRP). (A) Architecture of the mammalian SRP. SRP proteins
are shown as colored and gray ovals; the RNA is yellow. (B) ‘SRP54-late’ model for cellular
assembly of the mammalian SRP. Five of six SRP proteins (SRP9, SRP14, SRP19, SRP68,
and SRP72) (gray and green ovals) enter the nucleus or nucleolus to assemble with the SRP
RNA. The partially assembled complex is then transported back into the cytoplasm to bind
SRP54 (purple) and form the native SRP holocomplex. (C) In vitro scheme for native SRP19-
SRP54-SRP RNA ternary complex formation via the SRP54-late assembly pathway. (D)
‘SRP54-early’ pathway that leads to formation of a non-native ternary complex, termed the
non-compartmentalized complex, in which two RNA binding loops in SRP19 do not fold to
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their native conformation.10 (E) Three-fold protein-RNA interface in the native SRP ternary
complex. SRP19 loop 2 (gray) is positioned in a cleft formed by SRP54 and the RNA. The
figure shows the same complex20 as panel C, but has been rotated ~90° to afford a view from
the ‘top’ of the three-component interface.
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SRP19 and the large subunit SRP RNA (LS RNA). (A) SRP19 structural motifs when bound
to the SRP RNA. SRP core is green and the two RNA binding loops are gray. Sites of
fluorophore attachment are shown as spheres. (B) Alexa 555 derivatized RNA:DNA hybrid.
RNA and DNA are shown in black and gray, respectively. (C) LS RNA.
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FRET-based analysis of SRP assembly. (A) Scheme for monitoring SRP assembly using Alexa
488-derivatized SRP19 (green) and the Alexa 555-LS RNA (yellow and gray). SRP54 (purple)
binding is detected by its affect on the SRP19-RNA complex. (B, C) Three distinct assembly
steps are detected during native SRP19-SRP54-SRP RNA ternary complex formation. (1) A
rapid burst phase quenching of fluorescence during initial SRP19-RNA assembly (green). (2)
Well-resolved increase or decrease in fluorescence emission intensity as the SRP19-RNA
complex matures to the native structure (green). (3) An increase in fluorescence intensity due
to SRP54 binding to the pre-formed SRP19-RNA complex (purple). Free Alexa 647 reference
fluorophore is gray.
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Burst phase assembly step corresponds to Encounter complex formation between SRP19 and
the RNA. (A,B) SRP19-RNA assembly was monitored for the native sequence RNA or an
A149U mutant that cannot form native RNA-RNA interactions (solid and open symbols,
respectively). Arrows indicate burst phases observed with both RNAs. (C) Addition of SRP54
has no effect on the Encounter complex formed between SRP19 and the A149U RNA.
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Conformational rearrangements at distinct SRP19 structural motifs during RNP assembly. (A)
Scheme for monitoring SRP19-RNA assembly using single Alexa 488 fluorophore
experiments. (B) Fluorescence-detected assembly at the RNA-binding loops (open symbols)
proceeds significantly faster than assembly of the SRP19 core domain (solid symbols).
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SRP19 structural motifs assemble with the RNA via distinct mechanisms. (A–D) Rate of
change in fluorescence intensity as a function of RNA concentration for SRP19 variants. Slopes
(dashed lines) yield second order rate constants for assembly as detected in distinctive SRP19
loop and core structural motifs. Most experiments were performed with Alexa 488-labeled
SRP19 (squares). For the 72Cys and 106Cys variants, assembly was also monitored using the
BODIBY-FL fluorophore (circles).
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One step assembly of SRP54 to the pre-formed SRP19-RNA complex. (A, B) The rate constant
for SRP54 binding to the pre-formed Alexa 488-labeled SRP19-RNA complex was obtained
by fitting the change in fluorescence intensity over time to a second order rate equation. (C,D)
All SRP54 concentrations yielded identical second-order rate constants.
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The extent of non-compartmentalized complex formation is concentration dependent. (A)
Scheme for monitoring native vs. non-compartmentalized assembly using single fluorophore
experiments. Native assembly (the SRP54-late pathway) involves ordered binding by SRP19
(green traces) and SRP54 (purple traces). For non-compartmentalized assembly (the SRP54-
early pathway), both proteins assemble simultaneously (black traces). (B,C) Visualization of
native and non-compartmentalized ternary complex formation using single fluorophore
experiments. Ratios of SRP19, SRP54 and RNA components were held constant at 1:1:2 in all
experiments; protein concentrations are given for each panel. Non-compartmentalized complex
formation is reported directly as the intensity difference between purple and black traces (see
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red brackets). (D) Expected concentration dependence for SRP54 binding post-Encounter
versus post-Stable complex formation. k1 is a compound rate constant reflecting formation of
the Stable complex via the kinetically linked Encounter complex. Dashed arrows show
putative, concentration-dependent (k′3[ ]), steps for SRP54-mediated misassembly.
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Mechanisms for native and non-compartmentalized SRP assembly. (A) Native and non-
compartmentalized assembly pathways are gated at the Stable complex. (B,C) Folding energy
landscapes for SRP19 during SRP ternary complex formation via SRP54-late and SRP54-early
pathways.
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